We present a method for detecting neutrons using scintillating lithium gadolinium borate crystal grains in a plastic matrix while maintaining high gamma rejection. We have procured two cylindrical detectors, , containing 1% crystal by mass and with the crystal grains having a typical dimension of 1 mm. One detector was made with scintillating plastic, and one with nonscintillating plastic. Pulse shape analysis was used to reject gamma ray backgrounds. The scintillating detector was measured to have an intrinsic fast fission neutron efficiency of 0.4% and a gamma sensitivity , while the nonscintillating detector had a neutron efficiency of 0.6 or 0.7%, depending on analysis integration limits, with gamma sensitivity and , respectively. We determine that increasing the neutron detection efficiency by a factor of 5-6 will make the detector competitive with moderated He tubes, and we discuss several simple and straightforward methods for obtaining or surpassing such an improvement. We end with a discussion of possible applications, both for the scintillating-plastic and nonscintillating-plastic detectors.
I. INTRODUCTION
N EUTRON detectors are useful in a variety of situations, from monitoring nuclear power plants [1] , to imaging [2], to fissile material localization [3] . Depending on the specifics of the detector, they can be optimized for spectroscopy, directionality, scalar counting with or without timestamps, or some combination of the three.
One detector technology that can be used for either counting or spectroscopy utilizes inorganic scintillator grains embedded in a plastic matrix. This method was first proposed by Czirr et al. for the purposes of capture-gated neutron spectroscopy [4] , and they used lithium gadolinium borate (LGB) [5] , with the chemical composition Li Gd(BO ) :Ce. To increase the neutron capture efficiency, the lithium and boron were enriched in the high-capture-cross-section isotopes Li and B.
Additional work has been performed on LGB-embedded, scintillating-plastic detectors. Menaa et al. have evaluated cylindrical LGB/scintillating-plastic detectors for possible use as a hand-held neutron spectrometer [6] . Flaska, Pozzi, and Czirr have studied a 5 diameter, 4 long detector from the standpoint of pulse shape discrimination (PSD) [7] . Nelson and Bowden have studied such detectors to determine their suitability for anti-neutrino detection [8] .
In capture-gated spectroscopy, a double light pulse is used to reconstruct the neutron energy. The first pulse comes from neutron recoils in the organic scintillator, and the second comes from the capture of that same neutron. In the case of LGB/ plastic composite scintillators, interactions were differentiated by exploiting the differences in scintillation decay times: a few ns for plastic, and 200 ns for the crystal. Note that while organic scintillators may have time constants on the order of ns [9] - [11] , the time constant of the scintillating plastic used in the current work was of the few-nanosecond scale. Note also that high-energy neutrons may cause inelastic interactions that prevent accurate capture-gated spectroscopy, such as the Li(n, p) He reaction, which reaches a maximum cross-section at a neutron energy near 4 MeV [12] .
While it is possible for gammas to recoil in the crystal rather than the plastic, this was unlikely in [4] because the detector was 90% plastic by mass. In a similar vein, it is also possible for the neutrons to capture on a proton in the plastic, although this effect was subdominant because of the high macroscopic neutron capture cross-section of the crystal. A simple ansatz was therefore made, where short pulses were caused by gamma recoils, and long pulses were caused by neutron captures. If energy was shared between the crystal and the plastic, the pulse had a short, high spike at the beginning followed by a long tail, which can also be identified via pulse shape analysis (PSA) Further particle discrimination is available using energy deposition. A neutron capture on Li liberates 4.78 MeV of kinetic energy, which after scintillation quenching becomes 2.2 MeV of electron-equivalent energy in the LGB crystal [4] . This energy is above most background radiation, with the ubiquitous 2.6 MeV gamma ray from Tl being a notable exception. It is highly unlikely, though, that a 2.2-MeV electron would be observed as a neutron capture on Li because the electron path length is approximately 4.4 mm [13] , so it will create only keV of slow visible energy in the LGB grain and keV of fast visible energy in the plastic. By comparison, the recoiling triton resulting from a capture on Li has a range of only m [14] , leading to a high percentage of ion recoils that are fully contained within the crystal. Combining both energy analysis and PSA provides very strong discrimination between neutron captures and neutron/gamma recoils, as discussed below in Section II.
The current work builds on the previous efforts in a number of ways. In Section II we discuss methods to improve the PSD using additional information obtained from a digitized signal. In Section III we use Monte Carlo studies in an effort to increase neutron sensitivity while maintaining high gamma rejection. In Section IV we briefly cover additional methods to improve detector performance. Finally, in Section V we discuss applications of the detectors.
II. THE EXPERIMENTAL PROGRAM
We used the same detector as in [8] . In that work, the detector, manufactured by MSI/Photogenics, was a cylindrical, detector and 1% by mass LGB. Fig. 1 shows the LGB crystal before it is crushed and sifted to obtain the small grains. The lithium and boron in the grains were enriched to % Li and B, while the gadolinium isotopes were of natural abundances. The relevant nuclear reactions were % % (1)
The LGB grains had a typical dimension of 1 mm, and the plastic used was EJ-290, a scintillating polyvinyltoluene from Eljen Technology, Inc. Two 5 Adit model B133D01W photomultiplier tubes, on either side of the detector, were connected Fig. 2 . Results from the scintillating plastic detector using an analog data acquisition system. This plot, along with an explanation of the pulse shape parameter, are from [8] . The captures on Li are clearly distinguishable as the island between 2 and 3 MeVee and 0.8 to 1.0 on the vertical axis. A second island associated with captures on B is visible between 0.5 and 1 MeVee and 0.6 to 0.8 on the vertical axis. Plot reproduced with permission from Elsevier. to the data acquisition system. Attenuation in the light signal was taken into account using standard analysis techniques, as described in (1) in [8] -the light output from the two photomultipliers is multiplied together, and the square root of the product is independent of the position of the energy deposition. In this way, a linear scaling factor can be used to reconstruct the energy. The pulse shape parameter used in [8] was the ratio of the light in the tail of the pulse (beginning 50 ns after the trigger) to the light in the full pulse. An analog data acquisition system (DAQ) was used to identify captures on Li by plotting the detector responses in a two-dimensional histogram, with the pulse shape parameter along the vertical axis and energy along the horizontal axis. Fig. 2 , reproduced from [8] , shows a clear signal island resulting from the capture of neutrons on Li.
For the current work we increased both the fidelity of the neutron capture and the gamma rejection. We measured the intrinsic detection efficiency for fast, unmoderated fission neutrons as well as gamma rejection using both the scintillating-plastic detector from [8] and a nonscintillating-plastic (Eljen Technology, Inc. plastic EJ-290NS) detector procured for this work.
A. Data Acquisition
There were several event topologies that contributed to backgrounds to the neutron signal in [8] . A low-energy electron recoil in the plastic may trigger the data acquisition system, and if an accidental high-energy electron recoil in the plastic falls within the tail gate time, the ratio of the tail integral to the full integral may be close to 1, mimicking the tail/full ratio of a neutron capture on Li.
To address this and other false neutron signals in the current work, we used a digital DAQ to provide finer control over the PSA. We connected the photomultiplier tubes to a Struck 3320 digitizer, sampling at 200 MHz and 12 bits. The interface to the VME crate was a Struck 3150 controller, and the DAQ computer was running Linux. The data acquisition software was custom developed at Lawrence Livermore National Laboratory. Fig. 3 shows a photograph of the detector setup.
The custom Struck 3320 firmware allowed eight integral gates, four with a maximum of 2560 ns (512 samples), and four with a maximum of 80 ns (16 samples). The actual gate lengths used in the analysis were 250 ns for gates 1-4 and 80 ns for gates 5-8. The start times of the gates could be arbitrarily set relative to the trigger. Fig. 4 shows an idealized pulse from a neutron capture on Li, and how the gates subdivided the pulse. For every event, we integrated each pulse's baseline using gates 7 and 8, and subtracted that integral from the other gates after normalizing for gate length.
Because it was only the integral of the gates, and not the fully-digitized waveform, that was obtain from the DAQ, each trigger required just 40 bytes to describe, including associated information such as timestamp, channel and card number, and pileup information. The theoretical maximum transfer speed of the USB interface was 30 MB/s, so the highest theoretical event rate would be 750 kHz. While we could obtain better pulse shape discrimination by digitizing and analyzing the entire waveform, doing so would require 680 bytes of data per trigger. This would limit the event rate to a maximum of 44 kHz. In the current work, we chose the integral gates over the fully digitized waveform to preserve the higher maximum event rate.
B. Improving the Pulse Shape Analysis
We acquired data using a bare, 75.4 kBq Cf source (8690 neutrons/second) suspended approximately 3 feet above the detectors. Data was accumulated over 20 hours, and the live time was over 99%. We recreated the analog PSA by constructing a tail/full ratio:
Analog-like pulse shape parameter
Integral of gates 1-4 Integral of gates 1-6 (2)
The results of this analog-like analysis are shown in Fig. 5 . The energy scale for Figs. 5 and 8 were calibrated by fitting a Gaussian peak to the lithium signal island, and scaling the resulting centroid to 2.2 MeV.
To improve the PSD, we compared the pulses of common backgrounds with a pure signal from captures on Li (Fig. 6 ). The B capture shape results from the accompanying gamma depositing energy in the plastic while the recoiling ions remain within the LGB grain. This pulse topology, with a fast rise and fall followed by a long tail, can also occur if recoiling ions or electrons deposit energy in both the grain and the plastic, as discussed in Section I. Vetoing these events may reject valid neutron captures on Li, but the short recoil lengths of the triton and alpha makes this unintended veto unlikely. Fig. 6 also demonstrates the maximum data rate of these composite Fig. 6 . Possible pulses from the scintillating-plastic LGB detector. These pulses are idealized pulses, and not from experimental data. With an analog PSA, an accidental gamma coincidence can create a background to the neutron capture signal. In the bottom curve shown here, the tail of the pulse is a sizable proportion of the full integral. This results in a pulse shape parameter close to unity, and analog PSD interprets this topology as a neutron capture. Fig. 7 . Gate ratios for the scintillating-plastic detector. The data's asymmetry prevented us from fitting Gaussian curves. We instead incorporated manual ratio limits that included at least 90% of the curves' areas.
detectors. If multiple events arrive within the 1.6-s digitization time window, the Li signal would be obscured. Therefore, if the gamma or neutron interaction rate were much greater than 100 kHz, neutron efficiency would significantly decrease. For example, the pileup rate would be 15% at an event rate of 100 kHz, 55% at 500 kHz, and 80% at 1 MHz. We remind the reader, however, that the maximum data transfer speed would in any case limit the event rate to a theoretical maximum of 750 kHz.
Instead of a simple tail/full ratio, our digital PSA used ratios of the gate integrals. Upper and lower bounds on the gate integral ratios were separately established for the scintillatingplastic and nonscintillating-plastic detectors based on the ratios measured in the Li neutron capture region. Fig. 7 shows the distribution of gate ratios as measured using the scintillating-plastic data, and Table I shows the ratio limits measured for both detectors. Only events that fell within all four ratios were accepted.
The full data sets were re-analyzed, requiring all events have gate ratio shown in Table I . We plotted the surviving events with the simple pulse shape parameter on the vertical axis for direct comparison between the analog and digital PSD ( Fig. 8) .
A comparison of Figs. 5 and 8 demonstrates the efficacy with which the updated PSD removes background events. 
C. Measurements of Neutron and Gamma Sensitivity
We measured the intrinsic, fast fission neutron capture efficiency and gamma sensitivity of our two detectors by acquiring three data sets. The first was the data set described in Section II-B: a 20-hour data set with a bare
Cf source approximately 3 feet from the detectors. The second run was a 20-hour data set with a 14.0-kBq Th source, approximately 2 inches from the detectors. The final data set was a 20-hour background data set with no calibration sources present. The highest recorded trigger rate was kHz. The Struck firmware recorded the number of pileup triggers for each data set, and normalizing by the total number of triggers allowed us to calculate the dead time, which was under 1% for each data set. Given the source activities, length of data accumulation, and source distance from the detectors, we calculated the total number of fast neutrons into the detector to be from the Cf source. The total number of gammas from the Th source was , of which were 2614-keV gammas from
Tl. We would like to comment on the use of Th to measure the effect of gamma rays on our composite detectors. Typically, a
Cs source would be used to make such a measurement. Given the 2.2-MeV energy equivalent from a neutron capture on Li, the 662-keV gamma rays from Cs would virtually never create a background to the neutron capture signal, even if PSD were not used. Three gamma rays would have to interact simultaneously, and deposit nearly 100% of their energy within the grains. The probability of this is vanishingly small, even in a high-rate environment. To have a reasonable expectation of a gamma background, we needed to use gamma rays at least 2.2 MeV in energy to avoid this simultaneity requirement for a gamma background. Thus we made use of the Th source, which contains within its decay chain Tl, and its 2614-keV gamma ray. We made the simple approximation that the effects of the 2614-keV gammas are representative of the predominant naturally-occurring gammas at or above 2.2 MeV.
We applied the digital PSA to all three data sets, then utilized an additional cut in the simple tail/full ratio of between 0.4 and 0.6 for the scintillating-plastic detector, and between 0.4 and 0.7 for the nonscintillating-plastic detector. We projected the resulting data onto the energy axis and performed a bin-by-bin subtraction of the background histogram from both the gamma and neutron histograms. The results are shown in Fig. 9 . We integrated over the energy ranges shown to calculate the intrinsic fast neutron efficiency and gamma sensitivity. Results are shown in Table II . When the background-subtracted Fig. 9 . Background-subtracted data for neutron and gamma sources. We fit Gaussian curves to the neutron data, and integrated over for the scintillating-plastic detector, and both and to for the nonscintillating-plastic detector. The integral regions are shown by the vertical dashed and dotted lines. Because there was no normalization applied to the curves before subtracting, the integrals summed to integer counts. The numbers shown on the lower plot are from the integration. gamma curve integrates to less than 0, we report only an upper limit on gamma sensitivity. Note that in the case of the nonscintillating-plastic detector, the background-subtracted gamma curve is peaked at energies lower than the neutron region of interest. By increasing the lower integration limit for the nonscintillating-plastic detector, the gamma rejection can be improved with just a small decrease in neutron efficiency. For example, integrating from to , the gamma sensitivity would drop to 0.624%, while the gamma rejection would have the same upper limit as the scintillating-plastic detector. The gamma rejection capabilities of the scintillating-plastic detector ares projected to be better than those of the nonscintillating-plastic detector because of the flat shape of the background-subtracted gamma curve. In the case of the nonscintillating-plastic, this curve has a non-zero tail that extends into the neutron region of interest at some calculable level, while for the scintillating-plastic detector the curve appears to be identically zero for the entire range shown.
It may be counter-intuitive as to why the scintillating-plastic detector provides for better gamma rejection than the nonscintillating-plastic detector. The answer is two-fold. In the nonscintillating-plastic detector, the only light produced comes from the LGB crystal, and therefore the PSA interprets all single-interaction energy depositions as neutron captures. The second reason is that gamma rays tend to interact multiple times, but in the absence of a fast light signal from the plastic, that multi-site nature of the gammas provides no advantage. Because of the extra information available from the fast scintillation, the scintillating-plastic detector provides greater gamma rejection capabilities than the nonscintillating-plastic detector.
We compared the intrinsic efficiency of our LGB composite detectors to fast neutrons with that of moderated He tubes. East and Walton constructed an array of five He tubes [15] . Each tube was 8 long, 1.5 in diameter, and pressurized to 6 atmospheres. The tubes were embedded in a polyethylene moderator 9 in diameter, as shown in Fig. 10 . The signals from the five tubes were summed, and the total intrinsic efficiency for fast neutrons was measured to be %. Our 5 detectors would fit very cleanly into the 9 cylinder, providing for 2 of polyethylene moderator. Menaa et al. measured a 10-fold increase in the fast neutron detection rate for their LGB composite detector when using a 2 polyethylene moderator [6] , though the neutron flux only increased by a factor of 9. We would therefore expect our nonscintillating-plastic detector to have an intrinsic efficiency for fast fission neutrons of %. Increasing the performance of our detectors by a factor of 5-6 would therefore make them competitive with the East & Walton He-based system.
III. OPTIMIZING CRYSTAL SIZE AND CONTENT
The prototype detectors utilized in this work were not optimized for neutron sensitivity or gamma rejection. In this section we discuss possible optimizations to increase neutron sensitivity while maintaining or reducing gamma sensitivity. The simulations in this section include energy deposition, but not production and tracking of scintillation photons. As such, they are equally applicable to both the scintillating-plastic and nonscintillating-plastic detectors. In the analysis of the simulation data, however, we can utilize the plastic energy depositions to reject gamma rays in the case of the scintillating-plastic detector, but not for the nonscintillating-plastic one.
A. Crystal Size
The capture depth of neutrons at thermal energies is on the order of 10-20 m (Fig. 11 ), although neutrons are not necessarily completely thermalized at capture. Regardless, the capture depth is small compared to the typical grain dimension of 1 mm, so the grains exhibit self-shielding, with the captures occurring primarily in the outer edge of the crystals. From this point of view, smaller grains will capture neutrons more efficiently for any given total mass.
Recall, however, that the maximum range of the recoiling ions is 30 m, so if the grains become too small the LGB scintillation will be greatly limited. The optimal grain size is therefore a convolution of the primary neutron spectrum, efficiency of thermalization, capture cross-section of both the plastic and the LGB crystal, capture depth, and angle of ion recoil with respect to the grain surface. These effects make an analytic calculation intractable, so we turn to a Monte Carlo calculation to determine the optimal grain dimension. To know where to target our Monte Carlo studies, we used a simplified, one-dimensional analysis of the capture efficiency as a function of grain size:
where is the grain size, is a typical capture depth, and is the maximum range of the ions. Assuming m (equating to a neutron capture energy of meV) and m, the efficiency is maximum at roughly 300 m. In our Monte Carlo, we therefore study grain sizes between 100 m and 1 mm.
B. Total Crystal Content
We also used Monte Carlo calculations to study the total crystal content of the composite detector. Increasing crystal content would increase neutron sensitivity, but it might also increase gamma sensitivity. Our Monte Carlo calculations therefore incorporated both fission neutrons and gamma rays.
The effects of total crystal content on both neutron and gamma sensitivity can be somewhat subtle. If the crystal content is low, the neutron sensitivity should be expected to scale linearly. The gamma sensitivity, however, is a function of both total crystal content and crystal dimension. Recall from Section I that the range of a 2.2-MeV electron in the LGB crystal is 4.4 mm, so if the grains are small the gamma will deposit only partial energy in the grain. If the total crystal content is sufficiently large, it is possible for a recoiling electron to traverse multiple grains. Even if each grain emits only a fraction of the total scintillation light, the sum from all the grains may yet create a background to the neutron signal.
C. Monte Carlo Results
For our Monte Carlo calculations, we used LUXSim [16] , a user application based on Geant4 [17] , [18] . Geant4 is a C++based framework for simulating the effects of various kinds of radiation in different materials, driven by both physics models Fig. 12 . Example Geant4 geometry of the composite detector. In this example, the grain size is 0.5 mm, the total content is 1%, and there are 5 layers. Note that the grains, while having identical dimensions, are placed in the cylinder in random orientation. The five layers themselves, though, have identical placement of the grains.
as well as data, and is capable of handling electrons, gammas, neutrons, and ions.
We used Geant4.9.3.p01, which had a documented bug that resulted in incorrect ion recoil energies resulting from neutron captures on Li [19] . We implemented a correction so that the recoiling triton and alpha particles had the correct energies. As a side note, there was also a bug for captures on B, although since our analysis only relied on captures on Li, the effects of the B bug were negligible.
The LGB grains in our simulations were placed individually inside the plastic cylinder. This was to ensure there was no overlap between the crystals, thereby guaranteeing the total crystal content is well-defined. Unfortunately, this resulted in an exceedingly large number of grains to place, each one having to be checked against overlap with all others. To make the placement more tractable, the cylinder was sub-divided into layers, and a proportionately smaller number of crystal grains were placed in the layer. The layer itself was then duplicated to create the full cylinder. An image of such a construction is shown in Fig. 12 .
For each simulation data set, we recorded the total energy deposition in the plastic and the crystal, as well as the particle that created that energy deposition. If the particles depositing the energy came from neutron captures on Li, their energy deposition was quenched by a factor of 0.46 (the ratio of 2.2 MeV/4.78 MeV discussed in Section I). A finite resolution of 9% was applied to the energy depositions, to match the width of the Gaussian peak in the upper plot of Fig. 9 . Finally, a range around the centroid of the Li peak was defined, and any counts within this range were tabulated. An example of this entire process is shown in Fig. 13 , which shows the results from a simulation with 1-mm crystal grains and 1% LGB content, and with a fission neutron source. Optimizing the grain size and total LGB content for the composite detector. Each curve represents the amount of LGB in the detector by mass. Computing limitations prevented us from running simulations with 100-m grain size above 4% content.
We ran a set of simulations to fill the parameter space of interest. We varied the primary particles between Cf fission neutrons, and Tl decays to provide the 2614-keV gamma rays from the Th decay chain. We varied the grain dimension from 100 m to 1 mm in 100-m steps, and we varied the total mass of the LGB crystals from 1% to 10% by mass, in 1% steps. For each simulation we used primary particles. The results for the fission neutron source are shown in Fig. 14. In this figure, we note that the curves are somewhat flat, and as long as the grain size is greater than 300 m, the grain size has a minimal effect on the neutron efficiency. We also note that, based on these Monte Carlo simulations, we can increase the neutron sensitivity by roughly a factor of 5 over the experimental configuration (1% content and 1-mm shards) by using 10% LGB content and 500m-sized grains.
We studied the effect the crystal size and content on the gamma sensitivity. Using the Tl simulation data, we counted the number of events in the Li neutron capture region. Sample analysis plots similar to that in Fig. 13 are shown in Fig. 15 . They show that, even with the same total LGB mass content, the grain size can still have an effect on the gamma sensitivity. The final plot from our gamma sensitivity simulations is shown in Fig. 16 . We conclude that a grain size of 500 m consistently results in lower gamma sensitivity than a grain size of 1 mm. This gives us confidence that the LGB content can be increased to 10% without increasing gamma sensitivity.
One final note on crystal optimization is the effects of small grains on optical transparency. The LGB has an index of refraction of 1.66, compared to the EJ-290's value of 1.58. Because of this refractive index mismatch, a plastic matrix with a high LGB content may be optically cloudy (see, e.g., Fig. 1 from [6] , where the detectors were 27% LGB by mass). A full treatment of the optimization of LGB content would have to include scintillation photon attenuation. The treatment in this work, however, is limited to energy depositions.
IV. ADDITIONAL IMPROVEMENTS
In addition to optimizing the crystal content and grain size, we have identified other avenues of increasing detector performance. Fig. 16 . Gamma sensitivity in the Li neutron capture region. This plot is analogous to Fig. 14, but with a Tl source instead of a fission neutron source. There were no counts for LGB content lower than 4%. The data shows a consistent reduction in gamma sensitivity when reducing the grain size from 1 mm to 0.5 mm. Systematic uncertainties are dominated by the statistical uncertainties, which are Poissonian-distributed according to the y-value of the curve shown.
A. Changes to the Data Acquisition System
One method is to change the gate sizes of the data acquisition software. If the Struck 3320 firmware evenly spread the maximum gate size among all the gates, they could integrate over a maximum of 85 samples each. This division would allow for finer control over the pulse shape analysis, with one gate measuring the baseline and the other seven devoted to the scintillation pulse.
Of the seven, one gate would integrate the rising edge of the pulse. The other six gates could be fit to an exponential decay, with the time constant a fixed parameter, and the only free parameter the amplitude of the pulse. The PSD would be evaluated via the reduced of the fit, with an acceptable range of associated p-values determined from calibration neutron data. Anything else would be rejected as pileup, a gamma event, a muon event, or some other background.
B. Alternatives to Lithium Gadolinium Borate
This work relies entirely on neutron captures on Li within the LGB crystal. Recall that the lithium was enriched in Li and the boron in B, while the gadolinium was of natural isotopic content. In [8] , the authors showed that using gadolinium and boron depleted in their high-capture-cross-section isotopes, the number of captures on Li could increase by a factor of 6. Unfortunately, while depleted boron is not difficult to obtain, depleted gadolinium is.
We therefore sought materials other than LGB that could potentially be of use. These materials should have the following characteristics to make them suitable alternatives:
• High lithium content • Scintillation decay constant on the order of 100 ns • No isotopes to compete with the lithium for neutron captures • High light output We have identified a few possible materials for future testing, shown in Table III . Of these materials, the most directly compatible with the results from this work is LYB, since it merely replaces the gadolinium with yttrium. Given this simple extrapolation, we estimate the lithium capture rate would increase by a factor of 6 over LGB, in accordance with results from [8] . The LYB light yield is only 10% that of the LGB. If the photon accumulation is Gaussian distributed, this is not anticipated to be a strong issue, as the light yield of the scintillating plastic could be reduced a similar amount, while the gain on the PMTs could be increased to compensate for the loss of light. If the refractive index of the plastic were matched to that of the inorganic crystal, the light collection would be further improved. Unfortunately, however, if the photon accumulation is Poisson-distributed, a fundamental loss of information may reduce the effectiveness of LYB, and increasing the gain of the photomultipliers will not increase the signal/noise ratio.
Lithium glass presents another attractive alternative, for two reasons. One is that its index of refraction is closer to that of the plastic than the LGB is . This would allow for greater light propagation, counteracting the lower light output. Another reason is that none of its component materials would require depletion, as neither of the majority elements, oxygen and silicon, have isotopes with high neutron-capture cross-sections. Finally, some formulations of Li glass have a lithium content comparable to LGB.
LiF and LiI have the highest concentration of lithium atoms. Unfortunately the decay constant of LiF is far too long to be a viable LGB replacement. It may be possible that a dopant other than tungsten would result in shorter scintillation decay time, but such a combination is unknown to the authors. Though the LiI has relatively high light output, it is slightly absorptive to its own scintillation light. While each individual grain would be small and allow for the light to escape, the aggregate amount of LiI will absorb the light output. LiI has a couple other disadvantages: its long scintillation constant would limit any potential detector to a maximum rate on the order of 160 kHz, and its high refractive index would drastically increase light scattering and absorption in the bulk of the detector.
CLYB is a known scintillator that has intrinsic neutron/gamma discrimination properties. Unfortunately, its lithium content is low (1 out of 10 atoms) relative to LGB (6 out of 19 atoms). Still, its high light output and appropriate scintillation decay constant may make it a worthwhile LGB replacement. Readers may be more familiar with CLYC (Cs LiYCl ) [27] , but in that scintillator the chlorine competes with the lithium for neutron captures, and we felt CLYB was therefore the better potential surrogate.
LTO has a high lithium content and high light output, but its scintillation decay time is too long to make it of use in a highrate environment, as any detector using LTO would be limited to neutron capture rate of roughly 30 kHz. The very short decay constant of LTB would make its signal indistinguishable from both the scintillation of the plastic, as well as Cherenkov light produced in the nonscintillating plastic detector.
V. APPLICATIONS
Several applications are available for the detectors discussed in this work. One of the more immediate applications would be as a neutron scalar detector. Given that the continuing shortage in the He supply is not expected to diminish in the future, these detectors, with the improvements discussed in Sections III and IV-B, could be used as a replacement for He-based proportional counters. These detectors would have intrinsic efficiency for detecting fission neutrons in the 10% range, while maintaining a strong gamma rejection capability of at least . Either the scintillating-plastic or nonscintillating-plastic detector would work for this application, although for a high gamma radiation environment, the nonscintillating-plastic detector would be preferable to reduce the overall trigger rate. If the most stringent gamma rejection is required in any particular application, the scintillating-plastic detector would be preferable.
Another application would be an improved capture-gated spectrometer, as described in [4] . The higher neutron capture rate afforded by the various optimizations, combined with the stronger PSA described in Section IV-A, would allow for a more accurate, and higher-efficiency, spectrometer. Such a detector would be made of the scintillating plastic.
Finally, the scintillating-plastic detector could be used for anti-neutrino detection. These detectors rely on a hydrogenous material to provide a target for inverse beta decays, with a dual-pulse signal coming from the prompt positron, followed by the neutron capture [28] . Previous anti-neutrino detectors allow for some event selection based on energy deposition, but they largely do not utilize pulse shape in differentiating between neutron captures and gamma recoils. Using a scintillating-plastic detector of the kind described in this work would reduce background from both accidental gamma coincidences as well as multiple-neutron capture resulting from a single cosmic ray spallation event near the detector.
VI. CONCLUSION
Lithium gadolinium borate crystals do not have intrinsic neutron/gamma discrimination, but if small grains are embedded in a plastic matrix, the resulting signal can be used to differentiate neutron captures and gamma recoils with a high degree of confidence. The discrimination relies on accurate pulse shape identification between the fast pulses from the plastic and slow pulses from the inorganic scintillator. Energy analysis also provides for particle discrimination, leading to gamma rejection better than 5 parts in . The intrinsic neutron efficiency of the detectors studied in this work is on the order of 0.5%, although they were not optimized for neutron detection. Four avenues exist for increasing neutron sensitivity, outlined in Table IV . These efficiencies are not orthogonal, although we expect that if all methods were employed, the performance of these detectors would surpass that of He-based detectors. From a quick sample survey, the most promising LGB alternatives are lithium yttrium borate and   TABLE IV  OPTIMIZATIONS TO THE LGB DETECTORS, AND THEIR ANTICIPATED INCREASE  IN FAST NEUTRON EFFICIENCY OVER THE BASELINE PERFORMANCE lithium glass. The gamma sensitivity could be kept low by decreasing the grain size, as well as using a more finely-tuned data acquisition system. A factor of 5-6 improvement on the current neutron detection sensitivity would give these detectors a neutron efficiency comparable to moderated He tubes. Applications for these detectors include neutron counting (specifically He-based detector replacement), capture-gated neutron spectroscopy, and anti-neutrino detection.
